Flexible polymer substrates coated with inorganic oxide moisture barriers are a potential replacement for glass backsheets in thin-film PV (photovoltaic) modules. Silicon oxynitride (SiOxNy) deposited by plasma enhanced chemical vapor deposition (PECVD) on polyethylene terephthalate (PET) represents one potential new backsheet candidate. Barrier deposition runs at NREL have included a nitrogen-rich plasma pretreatment prior to barrier deposition with the intention of cleaning the PET surface and enhancing adhesion of the SiOxNy barrier film to PET; however, test coupons of PET/barrier/EVA/TPE failed after damp-heat exposure. (EVA is ethylene vinyl acetate and TPE is Tedlar-PET-EVA). PET substrates exposed to plasma conditions similar to those used in pretreatment were examined by X-ray photoelectron spectroscopy (XPS) to reveal that new low molecular weight PET fragments were created at the PET surface. These fragments are responsible for barrier/PET interfacial failure and barrier transfer to the EVA encapsulant side following damp heat exposure.
INTRODUCTION
The reliability of any PV module is highly dependent on the actual packaging components.
Glass is a key packaging component of thin-film PV modules and is used as both the frontsheet and backsheet material. Disadvantages of glass, such as weight, cost, and a propensity toward breakage both from edge pinching and handling, have been motivating factors behind efforts to identify alternative backsheet (and potential frontsheet) materials. Polymer films are one alternative; and in contrast to glass, they weigh less, can be less costly, and have better handling characteristics. However, unlike glass, polymer films are not inherently impervious to moisture, so an additional moisture barrier must be applied to virtually any low-cost polymer film candidate under consideration. The goal of this work is to explore the feasibility of one particular barrier/polymer backsheet combination -SiOxNy on PET. XPS was utilized for a variety of experiments including: the chemical effects of plasma pre-treatment of PET; thermal desorption data for a plasma modified PET surface; compositional depth profiles of complete barrier/PET films; and, interfacial failure analysis data of PET/barrier/EVA/TPE coupons following damp-heat exposure and peel testing.
EXPERIMENTAL
DuPont Melinex® ST504 PET film (7 mil) was used for these studies. This product contains one side that has been treated by the manufacturer for ink adhesion and one side that is untreated. For the work discussed here, only the untreated, pure PET side was used. A fivechamber, Pernicka PECVD system was used for the barrier depositions using a gas mixture of silane, oxygen, nitrous oxide, and nitrogen. Plasma pretreatment of the PET substrate either before barrier deposition or without subsequent barrier film deposition (for the purpose of studying the effects of plasma pretreatment alone) was conducted in the same chamber where actual barrier deposition occurred. For control studies of the plasma pretreatment step, the Pernicka chamber was fitted with a glove bag that was mounted over the entry lock door using a custom mounting flange to allow for plasma-treated PET samples to be sealed in glass vials under an inert nitrogen environment. For the actual SiOxNy barrier deposition process, the proportions of the gases varied from phase 1 of the deposition (at the PET interface) through phase 3 of the deposition (exterior of the barrier film). Nitrous oxide content increased at the expense of oxygen gas content as the deposition proceeded from phase 1 through phase 3.
Substrate temperatures during deposition were approximately 40ºC.
A Physical Electronics 5600 XPS instrument using monochromatic Al Ka radiation was used to evaluate untreated PET, plasma-treated PET, and barrier-coated PET samples. Conditions of high resolution pass energy and small energy step intervals were used to resolve the various carbon and oxygen chemical forms. Because both the polymer PET film and SiOxNy barrier film are insulating in nature, optimization of electron flood gun parameters and other instrumental conditions were required to minimize charging effects and obtain optimum resolution. A Physical Electronics finger mask was used to mount the sample to further minimize charging effects. Depth profiling was conducted using 3 keV argon ions with a 3 mm x 3 mm raster area and the sputter rate using a SiO2 standard was determined to be 22 Å/min. Finally, the XPS instrument is part of a cluster tool also featuring a glove box such that sealed vials containing plasma-treated PET samples could be opened, mounted, and transported to the XPS instrument, all under inert or vacuum conditions. 
RESULTS AND ACCOMPLISHMENTS

XPS spectra of control PET
The C1s and O1s XPS spectra for pure, untreated PET are shown in Fig. 1 , along with the chemical structure for the repeating unit of PET. The C1s spectra can be readily fit with three primary peaks and a shake-up peak. From low to high binding energy, these peaks are assigned to aromatic carbons (C1), aliphatic ester carbons -CH2O (C2), carbonyl carbon -C=O (C3), and a shake-up peak. Peak areas for the carbon peaks yield a 3:1:1 area ratio consistent with the atomic fractions of the carbon forms. The O1s spectra can be readily fit with two peaks. The lower binding energy peak is assigned to the carbonyl oxygen (O1) and the higher binding energy peak is assigned to aliphatic ester oxygen (O2). Peak areas result in nearly a 1:1 area ratio consistent with the atomic fractions of the oxygen forms [1] . The carbon and oxygen content of PET was determined to be 71 at. % and 29 at. % respectively consistent with the carbon to oxygen ratio of 2.5 for the PET repeating unit. 
Effects of plasma pretreatment
The untreated (pure) PET side of ST504 was exposed to plasma treatment at 60 W in 500 sccm N2 and 100 sccm N2O (14% N2O in N2) for 10 minutes. Samples were sealed under inert nitrogen conditions in the glove bag and examined by XPS as discussed above. Survey scans of the surface indicated the presence of nearly 5 at. % nitrogen in addition to carbon and oxygen at levels that would be expected for the PET structure. Figure 2 illustrates the high resolution C1s spectra for untreated PET and plasma-treated PET as well as one likely chain scission site [2] . Other chain scission sites are possible and formation of radical containing fragments can lead to additional reactivity and rearrangement. After plasma treatment, spectra subtraction shows a reduction in the concentration of all three carbon functionalities. Peak intensity above the horizontal zero counts line indicates new, unique species present on the surface of the plasmatreated PET. At least three new functionalities can be identified: terminal carbonyl, terminal carboxylic acid, and phenolic -OH groups [1] .
These functionalities are consistent with a chain-scission mechanism of polymeric PET that creates low molecular weight fragments with new end group functionalities [2] . 
Thermal desorption XPS of plasma-treated PET
The plasma-treated PET sample was heated in the XPS instrument by ramping the substrate temperature with periodic scanning of the C1s, O1s, and N1s regions. At approximately 70ºC, nitrogen content began to decrease and the C1s and O1s spectra progressively began to resemble those for non-treated, control PET. By approximately 145ºC, nitrogen was not detected and the C1s and O1s lineshapes appeared exactly as for control PET. It appears that the PET chain-scissioned fragments volatilized during heating, or diffused into the bulk PETdeeper than XPS sampling depths. In other experiments, plasma-treated PET was immersed in deionized water for several minutes followed by XPS examination. Again, nitrogen content decreased and the C1s and O1s lineshapes began to resemble control PET. A high water solubility suggests the PET fragments are of low molecular weight and have high polarity. This is consistent with a chain-scission mechanism, which produces low molecular weight fragments with polar terminal carboxylic acid and phenolic -OH end groups.
Angle resolved XPS (ARXPS) of plasma-treated PET
By varying the angle q between the sample plane and the analyzer (take off angle or TOA), the information depth in XPS can be dramatically varied. The sampling depth of a photoelectron from any particular element varies according to 3lsinq where l is the attenuation length for the photoelectron of interest, and q is the TOA. For PET, values of l for carbon and oxygen are estimated to be 34 Å and 28 Å respectively [3] . Figure 3 shows the sampling depth of O1s photoelectrons from plasma-treated PET vs. TOA. At grazing TOA, the information depth is reduced to tens of angstroms, and with the sample plane 90º to the analyzer, the information depth is almost 90 Å. As such, ARXPS offers a means to perform a non-destructive depth profile of the sample. In fact, attempts to sputter pure PET in the XPS instrument results in immediate damage to the PET surface, similar to that seen for previously discussed plasma exposure. This precludes any possibility of depth profiling PET or plasma-modified PET by traditional argon C1 C3 C2 O1 O2 POSSIBLE CHAIN SCISSION SITE ion sputtering. The spectra for the O1s region as a function of TOA are also shown in Fig. 3 . At grazing TOA, O1s photoelectrons from the chain-scissioned PET molecules contribute significantly to the spectra as evidenced by an oxygen spectrum uniquely different in lineshape and position from bulk PET. However, as the TOA is increased and sampling depth also increases, O1s photoelectrons from underlying non-damaged PET molecules are increasingly detected.
(A decreased resolution of the two oxygen forms at high TOA compared to that shown in Fig. 1 is due to a higher pass energy used for this experiment). At a TOA value of 41º, the O1s spectra contains enough contribution from underlying, undamaged bulk PET to begin to show the two oxygen forms typical of bulk PET. This TOA corresponds to a sampling depth of about 55 Å, and therefore the thickness of the plasma-modified PET overlayer consisting of chain scissioned PET fragments is likely less than this value. The C1s data yield identical conclusions. 
Interfacial failure analysis of PET/barrier/EVA/TPE
Several SiOxNy coated PET films were laminated to EVA using TPE in the following construction: PET/barrier/EVA/TPE with the EVA side of TPE in contact with the bulk-film EVA. Although initial adhesion was promising, the coupons readily delaminated after about 100 h of damp-heat (85 0 C/85%RH) exposure with probable failure at one of three potential regions: the PET/barrier interface, within the barrier, or at the barrier/EVA interface.
The interior sides of the delaminated coupons were examined by XPS depth profiling and labeled as PET side and EVA side (see Fig.  4 ).
Analysis regions for both halves were within millimeters of the areas that were originally mated. The depth profile for the PET side showed approximately 2 at. % silicon and 1.5 at. % nitrogen at the surface. Levels of carbon and oxygen were nearly those of pure PET. Depth profiling quickly removed nearly all the nitrogen and silicon, leaving only carbon and oxygen. The lineshapes for carbon and oxygen at this point did not exactly resemble those for control PET, and carbon concentration increased at the expense of oxygen concentration as depth profiling continued. Both of these observations are consistent with previous experiments in our laboratory demonstrating that argon ion sputtering of control PET damages PET molecules, leaving behind carbon-rich fragments. For the mated EVA side, approximately 2 at. % nitrogen and 10 at. % silicon was detected at the surface, with the balance consisting of carbon and oxygen. Nitrogen was reduced within a few minutes of depth profiling (<70 Å) to leave a composition of less than 5 at. % carbon with oxygen and silicon providing the balance in nearly a 2:1 ratio respectively. Fig. 4 . XPS depth profiles of PET side (left) and EVA side (right) of delaminated test coupon.
XPS depth profiling of barrier coatings on PET
In order to better interpret the interfacial failure analysis results, another sample of the same barrier film used in the construction of the coupon discussed above was depth profiled. For this film, a plasma pretreatment preceded the actual deposition using conditions similar to those discussed for Fig. 2 . During SiOxNy deposition, nitrous oxide content in the PECVD gas blend was increased at the expense of oxygen gas content as deposition proceeded from phase 1 at the PET interface through phase 3 at the exterior of the barrier film. Gas flow conditions for both the plasma pretreatment and deposition are shown below in Table 1 , along with the corresponding deposition times for each phase. The deposition time for each phase relative to the total deposition time was used to scale the depth profile time accordingly to show the composition of the phases (see Fig. 5 ). This presumes constant deposition rates. Several observations are noteworthy in the depth profile. First, despite nitrogen content in the gas blend during all three phases of the deposition, only about 0.5 at. % nitrogen is found throughout the first two phases. These first two phases of the barrier film comprise approximately 55% of the total film thickness. Only the exterior portion of the barrier film contains substantial nitrogen content in the SiOxNy composition. For example, the composition is found to be SiO1.3N0.47 within phase 3 (after 15 min of profile time). This composition was determined using sensitivity factors for silicon, oxygen, and nitrogen determined at NREL. Finally, there is an increase in the nitrogen concentration commencing within tens of angstroms before the barrier/PET interface and peaking at about 1.4 at. % at 73 min of sputter time.
In combination with the interfacial failure results, it appears that failure of the test coupon following dampheat exposure is at the PET/barrier interface with barrier transfer to the EVA side of the coupon. This can be concluded through comparisons of Fig. 4 and Fig. 5 . The PET side of the coupon shows carbon and oxygen levels consistent with those found for control PET. Low levels of nitrogen at the surface that are quickly reduced to within detection limits of XPS in less than 15 s of sputter time (<6 Å) are either from a few monolayer(s) of a nitrogencontaining, plasma-modified PET layer at this barrier/PET interface or from small patches of the barrier film. Small amounts of silicon are probably due to small patches of barrier film residing on the PET within the XPS analysis region. A high carbon level on the EVA side of the failed coupon as well as about 2 at. % nitrogen is consistent with the presence of PET fragments created by the plasma pretreatment. After removal of these fragments, the silicon, oxygen, and nitrogen levels are nearly those found in phase 1 of the film near the phase 1/PET interface as shown in Fig. 5 . The presence of about 5 at. % carbon even after 3 minutes of sputter time may be due to several reasons, including small patches of exposed EVA or diffused EVA adhesion promoters.
Interfacial failure analysis has provided substantiation to our speculations that the increased nitrogen concentration at the barrier/PET interface as seen in Fig. 5 is from trapped nitrogen-rich PET fragments at this interface created by plasma pretreatment of PET prior to barrier deposition. Thermal desorption XPS data suggests that the low substrate temperatures used to date have simply not been high enough to desorb (or diffuse) the PET fragments created by plasma pretreatment.
CONCLUSIONS
Control experiments show plasma exposure of PET surfaces induces chain scission of the PET molecular structure, resulting in the formation of low molecular weight, polar fragments.
These fragments can be volatilized or diffused into bulk PET upon heating and are also water soluble. During barrier film depositions to date at NREL using low substrate temperatures, the plasma pretreatment of the PET substrates has resulted in retention of these same species at the barrier/PET interface. Moisture ingress through the barrier film as well as lateral routes along the PET/barrier interface, can solubilize the PET fragments, resulting in interfacial failure at the PET/barrier interface during attempted peel testing. From XPS interfacial analysis of failed coupons, it is clear that barrier films are transferred to the EVA side of the coupon with probable remnants of plasma-induced PET fragments on both sides of the failed coupons. It is important to note that SiOxNy barrier films on PET have shown promising water vapor transmission values; it is the barrier/PET interface that has failed. Future experiments will either completely eliminate plasma pretreatment of PET or involve elevated substrate temperatures in an effort to strengthen adhesion at the PET barrier interface. The latter approach may be the most promising, because a combination of plasma pretreatment and elevated substrate temperature should effectively clean the PET and remove the plasma-induced PET fragments.
